Autophagy is an active homeostatic degradation process for the removal or turnover of cytoplasmic components wherein the LC3 ubiquitin-like protein undergoes an Atg7 E1-like enzyme/ Atg3 E2-like enzyme-mediated conjugation process to induce autophagosome biogenesis [1] [2] [3] [4] . Besides its cytoprotecive role, autophagy acts on cell death when it is abnormally upregulated. Thus, the autophagy pathway requires tight regulation to ensure that this degradative process is well balanced. 5, 6 . Here, we report that cellular and viral FLIPs suppress autophagy by preventing Atg3 from binding and processing LC3. Consequently, FLIP expression effectively represses cell death with autophagy, as induced by rapamycin, an mTor inhibitor and an effective anti-tumour drug against KSHV-induced Kaposi's sarcoma (KS) and primary effusion lymphoma (PEL) 7, 8 . Remarkably, either a DED1 α2-helix ten amino-acid (α2) peptide or a DED2 α4-helix twelve aminoacid (α4) peptide of FLIP is individually sufficient for binding FLIP itself and Atg3, with the peptide interactions effectively suppressing Atg3-FLIP interaction without affecting Atg3-LC3 interaction, resulting in robust cell death with autophagy. Our study thus identifies a checkpoint of the autophagy pathway where cellular and viral FLIPs limit the Atg3-mediated step of LC3 conjugation to regulate autophagosome biogenesis. Furthermore, the FLIP-derived short peptides induce growth suppression and cell death with autophagy, representing biologically active molecules for potential anti-cancer therapies.
. The specific role of the LC3-Atg4-Atg3-Atg7 conjugation reaction is not yet known, but it is essential for autophagosome formation and may be the driving force for the deformation or curvature of the autophagic vesicle membrane.
We and others have demonstrated that cellular and viral Bcl-2 inhibits autophagy through its direct interaction with the Beclin1 autophagy protein [11] [12] [13] . To identify additional anti-autophagic viral proteins, we screened a KSHV expression library using a GFP-LC3 staining pattern: on autophagic stimulation, GFP-LC3 redistributes from a diffused staining pattern throughout the cytoplasm and nucleus to a cytoplasmic punctate structure, specifically labelling preautophagosomal and autophagosomal membranes 14 . This study identified that vFLIP (also called K13) effectively suppressed autophagy induced by starvation or rapamycin, as shown by the reduction of GFP-LC3 puncta (Fig. 1a, b ). As seen with KSHV vFLIP, the long and short forms of cellular FLIP (cFLIP L and cFLIP S ), HVS vFLIP, and MCV 159L also suppressed autophagy induced by starvation or rapamycin, at levels comparable to KSHV vFLIP ( Fig. 1a, b ; Supplementary Information, Figs S1a, b, S2a). Conversely, FLIP siRNA significantly reduced endogenous cFLIP expression, subsequently increasing rapamycin-induced autophagy, whereas a control, scrambled siRNA or caspase 8-specific siRNA showed little to no effect on rapamycin-induced autophagy under identical conditions ( Fig. 1c ; Supplementary Information, Figs S1c, S2b, c). Electron microscopy showed that although small differences in the basal number of autophagic vacuoles per cell were observed under normal conditions, a number of autophagic vacuoles were detected in NIH3T3 vector cells but not in NIH3T3-KSHV-vFLIP cells under conditions of starvation ( Fig. 1d; Supplementary Information, Fig. S3 ). Furthermore, a large portion of LC3-I was converted to LC3-II in NIH3T3 vector cells under conditions of starvation, whereas little processed LC3-II was detected in NIH3T3-KSHV-vFLIP, NIH3T3-MCV-159L, NIH3T3-HVS-vFLIP, and NIH3T3-cFLIP S cells ( Fig. 1e; Supplementary Information, Fig. S4a ). KSHV vFLIP effectively blocked autophagy in a number of cell types ( Supplementary Information, Fig. S5 ).
To investigate whether vFLIP expression suppresses autophagy in virus-infected cells, we constructed a KSHV-infected primary infusion lymphoma (PEL) line, BCBL1 (TREX-BCBL), in which a Flag-tagged KSHV vFLIP gene was integrated into the chromosomal DNA under the control of a tetracycline-inducible promoter 15 ( Supplementary Information,  Fig. S4b ). At 12 h post-transfection with GFP-LC3, doxycycline-treated TREX-BCBL-vector and TREX-BCBL-vFLIP cells were incubated with rapamycin (2 μM) for an additional 12 h. GFP-LC3 puncta were then counted and LC3 processed, which showed that ectopic expression of vFLIP in TREX-BCBL cells extensively suppressed rapamycin-induced autophagy (Fig. 1f, g ). Electron microscopy studies also showed that rapamycin treatment resulted in a significant increase in the number of autophagic vacuoles in TREX-BCBL vector cells but not in TREX-BCBL-vFLIP cells ( Fig. 1h ; Supplementary Information, Fig. S3 ). These results collectively indicate that cFLIP and vFLIP expression effectively blocks autophagy.
FLIPs interacts with the Fas-associated death-domain-containing protein (FADD), IKKαβγ complex, TRAFs and 14-3-3σ 5, [16] [17] [18] (J.S.L. and J.U.J., unpublished results). To determine the effects of the interactions between vFLIP, FADD, IKKαβγ and 14-3-3σ on anti-autophagic activity, we constructed NIH3T3 cells stably expressing various vFLIP mutants: m14-3-3σ lacking 14-3-3σ-binding; mTRAF2 lacking TRAF2-binding 16 ; 67AAA and 58AAA with reduced NF-κB activation 17 ; and mFADD lacking FADDbinding 19 . As found previously 17 , NF-κB activation was markedly reduced in the 67AAA and 58AAA mutants, whereas in the 67AAA, 58AAA and (g) At 12-16 h post-transfection with GFP-LC3, TREX-BCBL-vector and TREX-BCBL-vFLIP cells were treated with doxycycline for 24 h, followed by incubation with 2 μM rapamycin for an additional 12 h. GFP-LC3 was detected using an inverted fluorescence microscope. Scale bar, 5μm. The number of GFP-LC3-positive dots per cell was counted using a fluorescence microscope. Data are mean ± s.e.m.; n = 200-300 cells from three independent experiments; *P < 0.01. (h) Autophagosomes were visualized by scanning electron microscopy. Scale bar, 50 nm.
mFADD mutants, TNFα-induced apoptosis was poorly blocked or not blocked at all ( Supplementary Information, Fig. S6a, b) . However, all of the vFLIP mutants were still capable of blocking rapamycin-induced autophagy as efficiently as vFLIP wild-type cells ( Supplementary Information,  Fig. S6c ). This result indicates that the anti-autophagic activity of KSHV vFLIP is genetically separable from its anti-apoptotic and NF-κB activation activities. Both KSHV vFLIP and cFLIP S could activate NF-κB in addition to their anti-apoptotic and anti-autophagy activity, whereas MCV 159L could not activate NF-κB but had anti-apoptotic and anti-autophagic activity; HVS vFLIP did not have detectable NF-κB activation and anti-apoptosis activity but had anti-autophagic activity (Supplementary Information, Fig. S6d, e) . This indicates that anti-autophagic activity is primarily shared among cellular and viral FLIPs. A yeast two-hybrid screen revealed the Atg3 E2-like enzyme of the LC3 conjugation system as a binding partner of vFLIP.
Co-immunoprecipitation showed that cFLIP L and KSHV vFLIP interacted strongly with endogenous Atg3 (Fig. 2a) . Additionally, cFLIP L , cFLIP S , KSHV vFLIP, MCV159L and HVS vFLIP efficiently interacted with GST-Atg3 or GFP-Atg3 mammalian fusions as well ( Supplementary  Information, Fig. S7a ). Furthermore, the interaction between endogenous Atg3 and cFLIP seemed to be regulated by environmental conditions: high levels of cFLIP interacted with Atg3 under normal conditions, but this interaction seemed to decline under rapamycin-induced or starvation-induced autophagic conditions (Fig. 2b) , indicating the differential binding of FLIP and Atg3. We constructed human Atg3 deletion mutants fused with a GST mammalian expression vector based on the yeast Atg3 structure (ref. ( Fig. 2c) . Furthermore, MCV 159L and HVS vFLIP showed Atg3 binding patterns similar to KSHV vFLIP, whereas cFLIP S bound only full-length Atg3 ( Supplementary Information, Fig. S7b ). Given the substantial similarities between DED1 and DED2 (refs 19, 21) , Atg3 bound each DED of KSHV vFLIP with similar affinities ( Supplementary Information, Fig. S7c) . Remarkably, the DED1 α2 helix (10 amino acids) and the DED2 α4 helix (12 amino acids) of vFLIP were individually sufficient for Atg3 binding, whereas deletion of both helical sequences (vFLIP mAtg3) considerably abrogated Atg3 binding (Fig. 2d, e) . Accordingly, vFLIP mutants that no longer interacted with 14-3-3σ, IKKγ or FADD but still bound Atg3 were as efficient as the wild-type in blocking rapamycin-induced autophagy, but the vFLIP mAtg3 mutant that no longer bound Atg3 did not block rapamycininduced autophagy ( Fig. 2e; Supplementary Information, Figs S6c, S7d) . Although the vFLIP mAtg3 mutant lost its anti-apoptotic and NF-κB activation activities because of the removal of significant portions of its coding sequences, it still interacted with 14-3-3σ as efficiently as wild-type vFLIP ( Supplementary Information, Figs S6a, b, S7e ). These results demonstrate that vFLIP and Atg3 interact efficiently with each other using two independent binding regions: Atg3 uses the 193-267 and 268-315 amino acid regions, whereas vFLIP uses the DED1 α2 helix and the DED2 α4 helix. As the Atg3 binding patterns of FLIP and LC3 are similar, increasing vFLIP, cFLIP S , or cFLIP L showed increased FLIP-Atg3 interaction, leading to a marked decrease in LC3-Atg3 interaction ( Fig. 2f ; Supplementary Information, Fig. S8 ). Furthermore, vFLIP expression resulted in a marked reduction of endogenous Atg3-LC3 interaction under normal conditions, although this interaction was weakly recovered after rapamycin treatment (Fig. 2g) .
The anti-tumour and immunosuppressive potency of rapamycin in KSHV-related diseases has been well demonstrated 7, 8 : it reduces KSHVinduced PEL cell growth in culture and inhibits the progression of dermal KS in kidney transplant recipients while providing effective immunosuppression. Rapamycin effectively induced growth suppression and death in KSHV-infected BCBL1 cells where its primary action seemed to be geared towards cell death with autophagy ( Fig. 3a, b; Supplementary Information,  Fig. S9a ). Electron microscopy also indicated that approximately 60% of cells that were dead through rapamycin treatment showed characteristics of cell death with autophagy (Fig. 3a) . Furthermore, Beclin1 siRNA significantly reduced endogenous Beclin1 expression and subsequently attenuated rapamycin-induced cell death, whereas a scrambled siRNA did not (Fig. 3c) . On the other hand, ectopic expression of vFLIP wildtype, 58AAA or mFADD mutants markedly blocked rapamycin-induced growth suppression and death with autophagy, whereas the vFLIP mAtg3 mutant provided no protection for the BCBL1 cells from rapamycininduced autophagic death ( Fig. 3b, d ; Supplementary Information,  Fig. S9b ). Furthermore, after rapamycin treatment, HEK293 cells carrying the KSHVΔvFLIP 22 mutant showed detectably reduced growth rates, compared with HEK293 cells carrying wild-type KSHV (Fig. 3e) . Ectopic expression of wild-type vFLIP readily suppressed rapamycininduced growth inhibition of HEK293 cells carrying KSHVΔvFLIP, GST-α2
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Flag-vFLIP which was also seen with ectopic expression of the vFLIP 58AAA and mFADD mutants, albeit to a lesser extent. Finally, the vFLIP mAtg3 mutant expression had little or no effect on rapamycin-induced growth inhibition ( Supplementary Information, Fig. S9c, d ). These results further indicate a physiological role for vFLIP-Atg3 interaction in the inhibition of rapamycin-induced autophagy and growth inhibition. The KSHV vFLIP vFLIP α2 (amino acids 20-29) and α4 (amino acids 128-139) peptides that independently bound Atg3 at high levels were fused with the HIV-1 TAT protein transduction domain for intracellular delivery as retro-inverso versions to circumvent proteolytic degradation [23] [24] [25] [26] and tested for their potential effects on autophagy induction (Fig. 4a) . We also included the mutant peptides K-α2m and K-α4m, where the hydrophobic core residues of the K-α2 (L 21 F 22 L 23 ) and K-α4 (F 130 L-WVY 139 ) peptides were replaced with alanines, as well as the C-α2 and C-α4 peptides containing the cFLIP s amino acid regions 19-28 and 128-139, respectively ( Fig. 4a; Supplementary Information, Fig. S10a ). This showed that either 30 or 50 μM of the K-α2, K-α4 C-α2, or C-α4 peptides were able to induce autophagy in TREX-BCBL-vector cells as effectively as rapamycin (2 μM; Fig. 4b ). Furthermore, overnight incubation of BCBL1 cells with K-α2 and C-α2 peptides (30 or 50 μM) induced 50-60% cell death, and incubation with K-α4 and C-α4 peptides (30 or 50 μM) induced 75-90% cell death (Fig. 4b) . In striking contrast, treatment with HIV-1 TAT only, the K-α2m, or the K-α4m mutant peptides showed no increase in autophagy or cell death ( Fig. 4bc; Supplementary Information, Fig. S10bc ). Electron microscopy studies showed severe autophagy in most (~80%) of the dead cells, and both autophagy and apoptosis in a small population (~10%) of dead cells or others, such as necrosis (~10%; Fig. 4d ; Supplementary  Information, Fig. S11 ). Moreover, the accelerated levels of LC3 processing and long-lived protein proteolysis were detected in K-α2-and K-α4-treated BCBL1 cells ( Fig. 4e; Supplementary Information, Fig. S12 ).
Binding studies showed that, in addition to being able to bind Atg3, the vFLIP α2 and α4 peptides efficiently interacted with the cFLIP L and vFLIP proteins (Fig. 5a ). Furthermore, with co-expression of vFLIP and Atg3 alongside increasing amounts of the vFLIP peptides, the interaction between vFLIP and the K-α2/K-α4 peptides increased, whereas the interaction between Atg3 and the K-α2/K-α4 peptides seemed to decrease, indicating that the vFLIP peptides have higher binding affinities to vFLIP itself than to Atg3 (Fig. 5b) . Under these conditions, Atg3-FLIP interaction, but not Atg3-LC3 interaction, was markedly reduced ( Supplementary  Information, Figs S13, S14) . Thus, because of their high FLIP-binding affinities, the FLIP peptides may sequester FLIP to prevent Atg3-FLIP interaction, but have little or no effect on Atg3-LC3 interaction. Indeed, incubation with the α2 and/or α4 peptides markedly blocked the interactions of vFLIP, cFLIP S , or cFLIP L with Atg3 in a concentration-dependent manner without affecting Atg3-LC3 interaction ( Fig. 5c, d ; Supplementary Information, Figs S13, S14). On the basis of these results, we propose that the FLIP protein efficiently competes with LC3 for Atg3 binding under normal conditions, resulting in low levels of autophagy (Fig. 5e) . However, under conditions of stress, FLIP dissociates from the Atg3 complex, allowing Atg3-LC3 interaction and resulting in high levels of autophagy. Finally, peptide treatment efficiently sequesters FLIP from Atg3 to facilitate Atg3-LC3 interaction, resulting in unbalanced, high levels of autophagy (Fig. 5e) .
We then used NOD/SCID xenografted mice that received an intrapenitoreal injection of BCBL1-Luc cells expressing the luciferase gene as a traceable bioluminescence reporter and evaluated these mice for the development of PELs, as previously shown 27, 28 . After being injected with the tumour cells, the mice received intraperitoneal injections of TAT (300 μg), the K-α2 or the Kα-4 peptide on days 2, 4 and 6, and twice weekly for an additional two weeks. All of the mice that were injected with the TAT peptide developed PEL, with evident distention and ascites in the peritoneal cavity, as well as markedly increased luminescence (Fig. 4f) . In contrast, the mice that received injections of the K-α2 or Kα-4 peptide never acquired lymphomas, with little or no traceable luminescence (Fig. 4f) . A group of three mice that developed PEL after TAT peptide treatment was then challenged with 300 μg K-α2 or Kα-4 peptide for an additional three weeks. Treatment with the K-α2 or Kα-4 peptide led to a marked regression of tumours ( Fig. 4f; Supplementary Information,  Fig. S15 ) and subsequent autopsies showed no detectable damage in the tissues and organs of the mice injected with the K-α2 or Kα-4 peptide (data not shown). These results indicate that the FLIP-derived short peptides carry potent in vitro and in vivo activity for growth suppression and the autophagy-mediated death of tumour cells.
As seen with apoptosis, autophagy provides an important innate safeguard mechanism that protects the organism against invading pathogens and unwanted cancerous cells, and also keeps the organism healthy 29, 30 . Although autophagy and apoptosis use fundamentally different molecular mechanisms to execute protective functions, they also seem to be highly interconnected 31, 32 . Our study shows that, as seen with Bcl-2 (refs 11,13), cellular and viral FLIPs not only possess anti-apoptotic activity but additionally serve as anti-autophagy molecules through their inhibitory interaction with the E2-like enzyme, Atg3. This seems to suggest that, because of its importance in various biological processes, each step of the autophagy signal transduction pathway is under tight surveillance, for example, by the mTor kinase in autophagy induction 33 , by Bcl-2 in autophagosome generation, and by FLIP in autophagosome elongation. On the other hand, as permanent parasites, viruses have to constantly modify themselves to efficiently and comprehensively escape host immune responses. Indeed, with a large genetic capacity, γ-herpesviruses have evolved to acquire viral versions of Bcl-2 and FLIP to avoid elimination by the host's apoptotic and autophagy-mediated immune responses. Finally, the biological activity of FLIP-derived short peptides may have possible uses in autophagy-mediated clinical applications, potentially leading to a paradigm shift in targeted cancer therapy. 
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Cell culture. HCT116, NIH3T3, MEF, HaCat, and 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM l-glutamine, and 1% penicillin-streptomycin (Gibco-BRL). Transient transfections were performed with FuGENE 6 (Roche), Lipofectamine 2000 (Invitrogen), or calcium phosphate (Clontech), according to the manufacturer's instructions. HCT116, MEF, HaCat, and NIH3T3 stable cell lines were generated using a standard selection protocol with 2 μg ml -1 of puromycin. BCBL-1 was grown in RPMI 1640 supplemented with 10% fetal calf serum.
Plasmid construction. All constructs for transient gene expression in mammalian cells were derived from pcDNA5/FRT/TO (Invitrogen) or pEF-IRES-puro. DNA fragments corresponding to the coding sequences of the KSHV-vFLIP, human cFLIP s , human cFLIP L , MCV-MC159, and HVS-vFLIP genes were amplified by polymerase chain reaction (PCR) and subcloned into pcDNA5/FRT/TO between the AflII and BamHI restriction sites or pEF-IRES-puro between the AflII and XbaI sites and selected for stable transfectants. Flag-tagged KSHV-vFLIP 58AAA and 67AAA mutants were generated by PCR using oligonucleotide-directed mutagenesis, with the resultant PCR products then subcloned into pcDNA5/ FRT/TO and pEF-IRES-puro. GST-tagged vFLIP and vFLIP mutant genes were cloned into a pcDNA5/FRT/TO derivative encoding an N-terminal GST epitope tag between the BamHI and NotI sites. GST-tagged hATG3 and hATG3 mutant genes were cloned into a pcDNA5/FRT/TO derivative encoding an N-terminal GST epitope tag between the BamHI and NotI sites. Truncated mutant constructs of KSHV-vFLIP and hATG3 were created by subcloning the PCR products of cDNA fragments containing each domain of the associated genes into pcNDA5/ FRT/TO. All constructs were sequenced using an ABI PRISM 377 automatic DNA sequencer to verify 100% correspondence with the original sequence.
Yeast two-hybrid screen. Yeast transformations with a cDNA library were performed using a method described previously 9 . Library screening and recovery of plasmids were performed according to the manufacturer's instructions (Clontech).
Immunoblot analysis and immunoprecipitation assay.
For immunoblotting, polypeptides were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto a PVDF membrane (Bio-Rad). Immunodetection was achieved with anti-V5 (1:5000) (Invitrogen), anti-Flag (1:5000) (Sigma), anti-HA (1:5000), anti-GST (1:2000) (Santa Cruz Biotech), anti-tubulin (1:1000), anti-actin (1:1000) (Santa Cruz Biotech), anti-Beclin1 (1:500) (BD Bioscience), anti-cFLIP (Dave-2, NF6) (1:1000) (Alexis Biochemicals), anti-LC3 (1:1000) (Novus, Cosmo Bio) and anti-Atg3 antibody (1:500) (MBL). The proteins were visualized by a chemiluminescence reagent (Pierce) and detected by a Fuji Phosphor Imager.
For GST pulldowns, cells were collected and lysed in an NP40 buffer supplemented with complete protease inhibitor cocktail (Roche). Post-centrifugation supernatants were pre-cleared with protein A/G beads for 2 h at 4°C. Pre-cleared lysates were mixed with 50% slurry of glutathione-conjugated Sepharose beads (Amersham Biosciences) and the binding reaction incubated for 4 h at 4°C. Precipitates were then washed extensively with a lysis buffer. Proteins bound to glutathione beads were eluted by boiling them with an SDS loading buffer for 5 min.
For immunoprecipitation, cells were collected and lysed in an NP40 buffer supplemented with complete protease inhibitor cocktail (Roche). After pre-clearing with protein A/G agarose beads for 1 h at 4°C, whole-cell lysates were used for immunoprecipitation with the indicated antibodies. Generally, 1-4 μg of the commercial antibody was added to 1 ml of the cell lysate and incubated at 4°C for 8-12 h. After adding protein A/G agarose beads, incubation was continued for an additional 1 h. The immunoprecipitates were then washed extensively with a lysis buffer and eluted by boiling them with an SDS loading buffer for 5 min.
Autophagy analyses.
For starvation studies, cells were washed three times with PBS and incubated in Hank's solution (Invitrogen) for 2-4 h at 37°C. Cells were treated with Hank's solution or with complete medium or serum-reduced medium containing 2 μM rapamycin (Sigma). Autophagy was assessed by GFP-LC3 redistribution, LC3 mobility shifts, and electron microcopy. For GFP-LC3 redistribution, HCT116, HaCat, MEF, NIH3T3, MCF-7 and BCBL1 cells were transfected with a GFP-LC3 expression plasmid. At 12-16 h post-transfection, GFP-LC3 was detected under normal, starvation or rapamycin-treatment conditions using an inverted fluorescence microscope. The percentage of GFP-LC3-positive cells with punctate staining was determined in three independent experiments. To quantify GFP-LC3-positive autophagosomes per transfected cell, six random fields representing 200-300 cells were counted. For the LC3 mobility shift assay, the cells were treated on ice for 30 min, lysed with 1% Triton X-100, and subjected to immunoblot analysis with an anti-LC3 antibody.
Small interfering RNA (siRNA) suppression of gene expression. All siRNAs were produced from Dharmacon Research. siRNAs specific to Beclin1 (5´AAGAUCCUGGACCGUGUCACC3´), cFLIP (5´GGAGCAGGGACAAG-UUACA3´), caspase-8 (5´GAUCGAGGAUUAUGAA AGA3´) and a nonspecific, scrambled control siRNA were transfected using DharmaFect reagent (Dharmacon), according to the manufacturer's instructions. At 48-72 h posttransfection, cells were analysed for autophagy.
Electron microscopy imaging. Cell pellets were fixed using a 0.1 M phosphate buffer (pH 7.4) containing 2% paraformaldehyde and 0.1% gluteraldehyde at room temperature for 1 h. The cell pellets were then post-fixed on ice for 2 h with 1% osmium tetroxide and rinsed three times with distilled water. The fixed cell pellets were dehydrated by an ethanol (EtOH) dilution series of up to 100% EtOH and then immersed in propylene oxide (PO) for 2 min, with the cycle performed three times. The pellets were then infiltrated in a 3:1 PO/eponate resin mixture overnight, embedded in 100% eponate resin (Ted Pell) in beam capsules, and allowed to harden overnight in a 65°C oven. After hardening, tissue blocks were sectioned to a thickness of 70 nm and placed on 300 mesh copper grids. The grids were then counterstained with saturated uranyl acetate and lead citrate, and then viewed through a Zeiss EM 10 electron microscope (Zeiss). In order to assess different cell death levels, we counted the cells showing the features of autophagic death (the ultrastructures of cytoplasmic autophagy as double-membraned vacuoles with the intact nucleus), apoptotic death (the chromatin condensation and membrane blebbing with the intact cytoplasm), apoptosis and autophagic death (both features of apoptosis and autophagy), and others (necrosis and death with no specific features).
Cell cycle and apoptosis assays. 5 × 10
6 cells were treated with the peptides, starvation conditions, rapamycin, cycloheximide (CHX), or CHX + TNFα for the indicated periods of time. After treatment, the cells were collected and fixed with 70% ethanol overnight. After staining the cells with propidium iodide for 30 min at room temperature, DNA content was measured by flow cytometry and analysed using Flow Jo. The cells were also stained with a FITC-conjugated annexin V antibody, followed by flow cytometry analysis with Flow Jo.
Cell proliferation and viability assays. BCBL1 cells were treated with the peptides, rapamycin for 12 h and their viability measured by trypan blue exclusion, followed by analyses using the Beckman Coulter Z2 particle count and size analyzer (BC Z2 CS Analyzer). A minimum of 100 cells per sample using triplicate samples was counted per condition per experiment.
Luciferase reporter assays. HEK 293T cells grown in six-well plates were transfected with 0.5 μg of the FLIP expression plasmids along with a NF-κB luciferase reporter construct (0.5 μg) and a constitutive β-gal expression construct (pGK-β-gal, 0.1 μg). At 1 day post-transfection, luciferase assays were performed in accordance with the manufacturer's (Promega) protocols.
In vivo bioimaging. 5 × 10
6 BCBL1-luciferase cells were injected intraperitoneally on day 0 of the experiment. The mice (n = 8) then received intraperitoneal injections on days 2, 4, 6, and twice weekly for an additional two weeks with the TAT, K-α2, or K-α4 peptide. A group of three mice that developed PEL after TAT peptide treatment was also challenged with 300 μg K-α2 or Kα-4 peptide for an additional three weeks. Mice were examined via in vivo imaging once a week thereafter. d-luciferin firefly potassium salt was purchased from Xenogen, a 30 mg ml -1 stock in PBS being filtered through 0.22-μm filters before use. d-luciferin (50 μl; 75 mg kg -1 body weight) was injected retro-orbitally and the mice imaged 1 min later using an IVIS imaging system (Xenogen). Data were acquired for 1 min. Gray-scale photographic images and bioluminescence colour images were superimposed using The Living Image, version 2.20 software overlay (Xenogen). Data were analysed with Igor Pro image analysis software (WaveMetrics). A region of interest (ROI) was manually selected over signal intensity and the area of the ROI was kept constant. Data are presented as average radiance (photons/s 
